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HIGHLIGHTS 


►  Postmortem  results  of  calendar-aged  commercial  graphite/LFP  cells. 

►  Capacity  loss  is  directly  related  to  the  severity  of  storage  conditions  (temperature  and  SOC). 

►  Electrodes  develop  rich  surface  chemistry  upon  storage. 

►  Loss  of  cyclable  lithium  is  the  main  source  of  aging. 

►  Results  suggest  the  absence  of  active  material  losses  at  both  positive  and  negative  electrodes. 
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A  series  of  graphite/LFP  commercial  cells,  stored  under  3  different  conditions  of  temperature  (30,  45,  and 
60  °C)  and  SOC  (30,  65,  and  100%)  during  up  to  8  months,  are  disassembled  and  analyzed  in  order  to 
identify  aging  phenomena.  The  recovered  positive  and  negative  electrodes  are  studied  using  X-ray 
diffraction,  scanning  electron  microscopy,  Fourier  transform  infrared  spectroscopy,  and  electrochemical 
testing.  The  maximum  lithium  stoichiometry  in  the  recovered  cathodes,  derived  both  from  XRD  data  and 
from  electrochemical  titration,  decreases  with  an  increase  of  storage  temperature  and  storage  SOC.  This 
result  confirms  that  the  capacity  fade  of  the  commercial  cells  is  caused  by  the  loss  of  cyclable  lithium. 
From  capacity  measurements  on  individual  electrodes,  any  loss  of  active  material  is  ruled  out.  Cyclable 
lithium  loss  arises  from  the  growth  of  the  solid  electrolyte  interphase  at  the  anode,  as  outlined  by  the 
presence  of  a  thick  and  fluffy  film  at  the  graphite  particle  surface  for  severe  aging  conditions  (e.g., 
T  =  60  °C  and  SOC  =  100%)  and  an  increase  of  the  impedance.  Evidence  for  side  reactions  at  the  LFP 
electrode  is  provided  as  well,  as  demonstrated  by  the  presence  of  F-rich  particles  and  an  impedance 
increase  for  the  electrodes  that  aged  the  most. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries,  first  commercialized  by  Sony  Energy 
Tech.  [1],  are  nowadays  the  dominant  rechargeable  systems  on  the 
market.  Their  high  energy  and  power  densities  favor  their  utiliza¬ 
tion  as  power  sources  in  a  wide  range  of  applications  ranging  from 
portable  electronics  (e.g.,  cellular  phones,  digital  cameras,  and 
laptop  computers)  to  electric  transportation  [e.g.,  electric  vehicles 
(EVs)  and  hybrid  electric  vehicles  (HEVs)].  Lithium-ion  batteries 
vary  in  performance  depending  on  the  electrode  active  materials 
they  are  based  on.  Cells  with  different  cathode  materials  can  be 
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found  on  the  market,  such  as  those  based  on  layered  oxides,  spinel 
oxides,  and  transition  metal  phosphates  [LiFePCXi  (LFP)]. 

The  olivine  LFP  cathode,  generally  described  as  thermally  stable 
and  low  toxic,  has  a  theoretical  capacity  of  170  mAh  g-1  [2,3].  The 
LFP-based  cells  are  considered  as  promising  candidates  for  appli¬ 
cation  in  high-rate  devices  (e.g.,  HEV);  however,  just  like  other 
battery  systems,  they  suffer  capacity  and  power  fade  during  both 
cycling  and  storage.  Thus,  aging  of  these  batteries  remains  one  of 
biggest  concerns  of  automakers  and  final  users,  since  it  can  directly 
impact  the  terms  of  warranty  as  well  as  the  cost.  Several  aging 
studies  of  the  long-term  cycling  performance  of  LFP-based  cells  are 
found  in  the  literature  [4-16].  The  main  results  of  these  papers  are 
summarized  in  our  previous  manuscript  [17].  More  generally,  the 
performance  loss  of  aged  cells  can  be  attributed  to  several  pro¬ 
cesses  such  as  (i)  the  loss  of  cyclable  lithium  (otherwise  called 
primary  loss),  which  is  related  to  side  reactions  occurring  at  both 
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electrodes  [e.g.,  solid  electrolyte  interphase  (SEI)  growth  at  the 
carbonaceous  anode  due  to  electrolyte  decomposition]  and  leading 
to  an  increase  of  the  cell  imbalance,  (ii)  the  loss  of  active  materials 
(otherwise  called  secondary  loss)  and  arising  from,  e.g.,  material 
dissolution,  structural  degradation,  particle  isolation,  and  electrode 
delamination,  and  (iii)  impedance  increase  of  the  cell  (e.g.,  because 
of  passive  films  at  the  active  particle  surface  and  loss  of  electrical 
contact  within  the  porous  electrode).  Meanwhile,  studies  dedicated 
to  calendar  aging  (i.e.,  aging  under  storage)  of  LFP-based  cells  are 
scarce  [15-17],  though  calendar  aging  is  of  major  relevance  in  the 
evaluation  of  cell  degradation,  considering  that  a  personal  EV 
spends  about  95%  of  its  time  in  parking  mode. 

Recently,  we  have  investigated  the  storage  effect  on  the  per¬ 
formance  of  commercial  graphite/LFP  cells  [17].  The  capacity  fade 
of  cells  was  studied  and  the  effect  of  temperature  and  state  of 
charge  (SOC)  was  analyzed.  It  was  found  that,  after  storage,  all  the 
cells  except  those  stored  at  30  °C  exhibit  capacity  fade.  The  extent 
of  capacity  fade  strongly  increases  with  storage  temperature  and 
to  a  lesser  extent  with  the  SOC.  From  an  in-depth  nonintrusive 
data  analysis,  cyclable  lithium  loss  was  identified  as  the  main 
source  of  capacity  fade.  This  loss  mostly  arises  from  side  reactions 
taking  place  at  the  anode,  e.g.,  solvent  decomposition  leading  to 
the  SEI  growth.  However,  the  existence  of  reversible  capacity  loss 
also  suggested  the  presence  of  side  reactions  occurring  at  the 
cathode,  which  are  less  prominent  than  those  at  the  anode.  The 
analyses  did  not  show  any  evidence  of  active  material  loss  in  any 
electrode.  Furthermore,  the  cells  suffered  only  moderate  change  in 
internal  resistance.  According  to  an  electrochemical  impedance 
spectroscopy  (EIS)  analysis,  the  overall  impedance  increase  was 
70%  or  less,  which  barely  affects  the  rate  capability  of  the  cells 
even  at  a  5  C  rate. 

In  this  paper,  the  cells  studied  in  Ref.  [17]  are  dismantled  and 
postmortem  analyses  are  performed.  The  goals  are  (i)  to  confirm 
the  results  derived  from  the  nonintrusive  analyses  of  the  cells  and 
(ii)  to  get  some  more  understanding  of  the  underlying  aging  phe¬ 
nomena.  The  structure  and  surface  morphology  of  both  electrodes 
harvested  from  dismantled  cells  before  and  after  storage  are 
investigated  by  X-ray  diffraction  (XRD)  and  scanning  electron  mi¬ 
croscopy  (SEM),  respectively.  Fourier  transform  infrared  spec¬ 
trometry  (FTIR)  is  used  to  identify  species  in  the  electrodes  that 
result  from  aging  phenomena.  Electrochemical  tests  on  LFP  and 
graphite  electrodes  are  also  conducted. 

2.  Experimental 

Experimental  studies  were  performed  on  graphite/LiFePCH  cells 
(LiFeBatt™  XI P,  8  Ah,  38123  cell  [18])  designed  for  power-type 
applications.  These  cells  are  based  on  a  C-LiFePCH  cathode  and  a 
graphite  anode  and  have  a  nominal  capacity  of  8  Ah,  dimensions  of 
123  mm  long  and  38  mm  diameter,  and  weight  of  290  g.  The  cells 
were  stored  at  3  different  temperatures:  30,  45,  and  60  °C,  and  at  3 
different  states  of  charge  (SOCn0m)-  30,  65,  and  100%.  This  means 
that  there  is  a  total  of  9  different  storage  conditions.  For  each 
storage  condition,  3  cells  were  aged.  Thus,  the  total  number  of  cells 
tested  during  this  aging  study  amounts  to  27.  For  the  purpose  of 
postmortem  analysis,  we  have  dismantled  10  cells  (a  fresh  one  and 
9  aged  cells).  Each  aged  cell  has  its  own  specific  storage  condition 
[17].  The  fresh  and  calendar-aged  cells  were  opened  at  fully  dis¬ 
charged  state  (the  discharge  procedure  consists  of  a  constant  cur¬ 
rent/constant  voltage  (CCCV)  discharge  [i.e.,  lCn0m  (8  A)  down  to 
2  V  and  a  potential  hold  at  2  V  until  a  cutoff  current  |/|  =  CnOm/20]) 
inside  an  argon-filled  glove  box  (<1  ppm  H2O,  <10  ppm  O2).  The 
double-sided  electrodes  are  3.83  ±  0.06  m  long  for  graphite  and 
3.73  ±  0.07  m  long  for  LFP.  For  each  electrode,  a  single  piece 
(preferably  sampled  near  the  center  of  the  jelly  roll),  was  rinsed 


with  dimethyl  carbonate  (DMC  Selectilyte,  Merck)  in  order  to 
extract  the  lithium  salt  and  was  then  dried  under  vacuum  in  the 
antechamber  for  1  h. 

Electrochemical  tests  were  done  on  the  fresh  and  used  elec¬ 
trodes  harvested  from  the  dismantled  cells.  For  this  purpose  and  for 
both  electrodes,  one  side  of  the  coating  was  rubbed  off  of  the  cur¬ 
rent  collector  using  a  cotton-based  tissue  soaked  in  l-methyl-2- 
pyrolidinone.  LFP  and  carbon  disc  electrodes  with  12  mm  diameter 
were  then  punched  out  and  coin  cells  were  assembled  with  a 
lithium  metal  foil  as  counter  electrode  and  a  Whattman  GF/D  bo- 
rosilicate  glass  fiber  as  separator.  LiPF6  (1  mol  L'1) in  a  1 :1  EC/DMC 
solution  (LP30,  Merck)  was  used  as  the  electrolyte.  The  coin  cells 
underwent  a  series  of  tests  including  (i)  low-rate  capacity  mea¬ 
surements,  (ii)  electrochemical  impedance  spectroscopy  (EIS),  and 
(iii)  rate-capability  tests.  All  the  tests  were  conducted  at  25  °C  in  a 
climatic  chamber  (Binder  KB53)  by  using  a  multipotentiostat 
(VMP3,  Bio-logic,  France).  In  the  rest  of  the  article,  the  electro¬ 
chemical  tests  performed  on  coin  cells  are  referred  to  as  half-cell 
studies. 

The  Li/LFP  (Li/graphite)  coin  cells  were  initially  cycled  in  order  to 
determine  nominal  capacity  values  of  fresh  LFP  (graphite)  elec¬ 
trodes  (Cnom  is  1.414  mAh  cm'2  for  LFP  and  1.505  mAh  cm-2  for 
graphite).  During  the  checkup  procedure,  residual  electrode 
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Fig.  1.  (a)  XRD  patterns  of  the  graphite  electrodes  recovered  from  the  fresh  cell  and 
from  cells  aged  under  different  storage  conditions  of  temperature  and  SOC,  after  they 
were  discharged  down  to  2  V.  (b)  Full  width  at  half  maximum  (FWHM)  of  the  (002) 
graphite  peak  for  all  the  electrodes  harvested  from  dismantled  cells. 
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capacities  were  first  measured;  to  this  end,  Li/LFP  coin  cells  were 
discharged  (i.e.,  lithium  insertion)  to  2.0  V  and  the  Li/graphite  coin 
cells  were  charged  (i.e.,  lithium  deintercalation)  to  1.5  V.  A  constant 
current/constant  voltage  (CCCV)  protocol  (CC  at  CnOm/10  and  CV 
until  |J|  <  Cnom/50),  between  2.0  and  4.1  V  for  the  LFP  coin  cells  and 
between  0.0  and  1.5  V  for  the  graphite  coin  cells,  was  used.  This  was 
followed  by  four  charge/discharge  cycles  using  the  same  CCCV 
protocol.  Reversible  “(also  denoted  intrinsic)”  capacities  consisted 
of  the  average  between  measured  discharge  (charge)  capacities  of 
the  last  two  cycles  of  two  LFP  (graphite)  coin  cells.  EIS  measure¬ 
ments  were  carried  out  in  the  frequency  range  200  kHz- 10  mHz 
with  a  5  mV  RMS  sinusoidal  potential  applied  after  the  half-cell  was 
left  at  open  circuit  during  1  h.  The  impedance  spectra  were 
measured  at  different  nominal  checkup  SOCs  (SOCn0m,ck  =  100%, 
80%,  60%,  40%,  20%,  and  0%).  For  the  LFP  coin  cells,  the  nominal 
checkup  SOCs  were  set  from  a  fully-charged  state  (SOC  =  100%)  by 
using  a  CnOm/10  discharge  rate  during  2, 4,  6,  8,  and  10  h  in  order  to 
set  the  SOCnom  ci<  to  80,  60,  40,  20,  and  0%,  respectively.  For 
the  graphite  coin  cells,  the  SOC  is  set  from  a  fully  discharged 
state.  The  rate-capability  tests  were  performed  by  galvanostatic 
charge/discharge  at  C-rates  varying  between  CnOm/10  and  5Cn0m- 
A  CCCV  protocol  was  used  for  both  charge  and  discharge  modes 


2  Theta  (°),  CuKoc  radiation 


2  Theta  (°),  CuKoc  radiation 

Fig.  2.  (a)  XRD  patterns  of  the  LFP  electrodes  recovered  from  the  fresh  cell  and  from 
cells  aged  under  different  storage  conditions  of  temperature  and  SOC,  after  they  were 
discharged  down  to  2  V.  (b)  and  (c)  show  the  (200)  and  (210)  reflections  of  LFP  and  FP 
phases  in  the  XRD  pattern. 


Table  1 

Lattice  parameters  of  LFP  and  FP  phases  in  cathodes  recovered  either  from  a  fresh 
cell  or  from  cells  stored  at  SOCnom  =  100%  and  temperatures  45  °C  or  60  °C.  LFP  and 
FP  phases  are  both  indexed  in  the  orthorhombic  Pnma  space  group. 


Lattice  parameters  (A) 

Fresh 

T=  45  °C 

SOCnom  =  100% 

T=  60  °C 

SOCnom  =  100% 

LiFeP04 

a 

10.32467  (3) 

10.32621  (17) 

10.32279  (12) 

b 

6.00542  (2) 

6.00414  (9) 

6.00424  (7) 

c 

4.69160  (2) 

4.69118  (9) 

4.68984  (6) 

FeP04 

a 

9.82438  (11) 

9.8288  (6) 

9.81704  (20) 

b 

5.79535  (14) 

5.7989  (4) 

5.79135  (11) 

c 

4.77519  (7) 

4.7734  (2) 

4.77900  (9) 

(CV  until  |J|  <  Cnom/50),  and  the  voltage  limits  specific  to  each  in¬ 
dividual  electrode  were  the  same  as  mentioned  above  for  capacity 
measurements. 

The  structural  characterization  of  the  active  materials  was  car¬ 
ried  out  by  X-ray  diffraction  (XRD)  using  a  BRUKER  D4  diffrac¬ 
tometer  in  the  26  range  10-80°  (Cu  Ka  radiation,  A  =  1.5406  A)  at 
ambient  condition.  The  surface  morphology  of  the  electrodes  was 
studied  by  scanning  electron  microscopy  (SEM)  using  an  FEG-FEI 
200  Quanta  microscope  and  elemental  composition  was  deter¬ 
mined  using  an  Oxford  INCA  X-sight  energy  dispersive  spectrom¬ 
eter  (EDS).  Fourier  transform  infrared  (FTIR)  spectra  were  measured 
at  room  temperature  under  air  in  the  spectral  region  4000- 
400  cm-1  using  the  Thermo  Nicolet  Avatar  370  DTGS  spectrom¬ 
eter  with  a  resolution  of  4  cm-1. 

3.  Results  and  discussion 

3  A.  XRD  measurements 

In  Fig.  1(a),  the  XRD  patterns  of  the  graphite  electrodes  recov¬ 
ered  from  fresh  and  aged  cells,  dismantled  in  their  discharged  state 
(2  V),  are  represented.  There  is  no  significant  difference  between 
the  XRD  patterns  and  only  the  peaks  of  copper  and  graphite  are 
detected.  The  diffraction  peaks  of  the  stored  graphite  electrodes 
have  the  same  angular  positions  as  those  of  the  fresh  electrode.  The 


Fig.  3.  Li  stoichiometry  of  the  cathode  corresponding  to  the  LFP/(FP  +  LFP)  mole  ratio 
derived  from  XRD  patterns.  Li  stoichiometry  is  derived  from  both  200  (open  circle)  and 
210  (half-open  circle)  reflections. 
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Fig.  4.  SEM  images  of  the  LFP  electrodes  recovered  from  (a)  the  fresh  cell  and  from  the  cells  stored  at  SOCnom  =  65%  and  temperatures  (b)  30  °C,  (c)  45  °C,  and  (d)  60  °C.  Typical  EDS 
spectrum  of  some  grains  scattered  throughout  the  electrode  LFP  surface  that  show  the  presence  of  Nb  traces. 


only  difference  between  patterns  is  a  slight  broadening  of  the 
peaks.  The  full  widths  at  half  maximum  (FWHM)  of  the  (002)  peak 
of  all  anode  samples  are  represented  in  Fig.  1(b).  In  general,  the 
FWHMs  of  the  stored  samples  are  slightly  larger  than  those  of  the 


Table  2 

EDS  results  of  the  regular  and  round-shape  particles  found  at  the  surface  of  the  LFP 
electrodes  recovered  from  the  cells  stored  at  SOCnom  =  65%  and  temperatures  45  °C 
and  60  °C. 


Element 

Atomic% 

Regular  particles 

Round-shape  particles 

45  °C 

CD 

O 

o 

n 

45  °C 

CD 

O 

o 

n 

Carbon 

23.8 

22.3 

26.1 

19.1 

Oxygen 

56.6 

59.3 

43.5 

29.9 

Fluorine 

— 

— 

10.1 

36.5 

Phosphorous 

10.2 

9.8 

9.6 

7.4 

Iron 

9.4 

8.6 

10.6 

6.6 

Sulfur 

— 

— 

0.1 

0.5 

fresh  one  and  the  largest  FWF1M  is  found  for  the  cell  stored  at  60  °C 
and  SOCnom  =  30%.  Such  a  broadening  may  result  from  a  decrease  in 
the  crystallite  dimension  or  from  strains  within  the  crystallites 
themselves  [19]. 

Fig.  2(a)  shows  the  XRD  patterns  of  the  LFP  electrodes  recov¬ 
ered  from  fresh  and  stored  cells.  Several  phases  are  found,  namely 
LiFeP04  (LFP)  and  FePCH  (FP),  both  indexed  in  the  orthorhombic 
Pnma  space  group,  graphite,  and  NbOP04  as  a  minor  compound. 
The  full-pattern  matching  of  a  fresh  sample  and  two  stored  ones 
(SOCnom  =  100%,  T  =  45  °C  and  60  °C)  provide  us  with  the  lattice 
parameters  of  the  LFP  and  FP  phases  (Table  1 ).  The  values  for  the 
stored  samples  are  close  to  those  reported  for  the  fresh  one,  thus 
indicating  the  absence  of  any  structural  modification  of  LFP  and  FP 
during  calendar  aging.  However,  the  electrodes  harvested  from  the 
stored  cells  show  a  decrease  in  the  intensities  of  the  LFP  re¬ 
flections  accompanied  by  an  increase  of  the  FP  reflections,  as 
clearly  seen  on  (200)  and  (210)  reflections  of  LFP  and  FP  phases  in 
Fig.  2(b)  and  (c).  The  intensity  ratios  of  the  (200)  or  (210)  peaks 
between  LFP  and  FP  phases  were  used  to  quantify  the  overall 
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P 
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C/3 


0.0  0.5 


Table  3 

EDS  results  of  the  graphite  electrodes  recovered  from  the  fresh  cell  and  from  the 
cells  stored  at  SOCnom  =  100%  and  temperatures  30,  45,  and  60  °C. 


Element 

Atomic% 

Fresh 

30  °C 

45  °C 

CD 

O 

o 

n 

Carbon 

83.4 

91.0 

89.9 

86.1 

Oxygen 

7.3 

8.4 

8.9 

12.3 

Copper 

8.5 

0.1 

0.3 

0.2 

Phosphorous 

0.5 

0.1 

0.1 

0.2 

Sulfur 

0.1 

0.2 

0.2 

0.2 

Fluorine 

0.2 

0.2 

0.6 

1.0 

stoichiometry  of  the  LFP  electrode  (y  in  LiyFePCXi),  based  on  a 
calibration  curve  reported  in  Ref.  [16]  and  built  upon  data  from 
Ref.  [20].  Lithium  stoichiometries  derived  from  the  peak  intensity 
are  reported  in  Fig.  3  for  all  the  electrodes.  The  fresh  cell  shows  an 
initial  Li  stoichiometry  of  about  91%.  The  Li  stoichiometry  de¬ 
creases  to  71%  for  the  most  severe  storage  condition  (T  =  60  °C 
and  SOC  =  100%).  The  Li  stoichiometry  exhibits  a  clear  dependence 
on  the  storage  temperature,  whereas  the  effect  of  SOC  is  only 
visible  for  electrodes  stored  at  60  °C  and  is  almost  negligible  for 
the  other  two  storage  temperatures. 

3.2.  Morphology  of  the  electrodes  (SEM) 


Particle  size  (pm) 

Fig.  5.  Particle-size  distribution  of  LFP  electrodes  recovered  from  both  fresh  and  aged 
cells,  resulting  from  an  analysis  of  the  scanning  electron  micrographs  displayed  in 
insets,  (a)  Fresh  cell  and  (b)  cell  stored  at  60  °C  and  SOCnom  =  100%. 


SEM  was  used  for  spotting  possible  changes  of  the  electrode 
morphology  after  storage.  The  SEM  images  of  fresh  and  aged  LFP 
electrodes  are  displayed  in  Fig.  4.  The  aged  electrodes  were 
recovered  from  the  cells  stored  at  SOCn0m  =  65%  and  temperatures 
30,  45,  and  60  °C.  Aging  leads  to  the  appearance  of  round-shape 


Fig.  6.  SEM  images  of  the  graphite  electrodes  recovered  from  (a)  and  (b)  the  fresh  cell  and  from  the  cells  stored  at  SOCnom 


100%  and  temperatures  (c)  45  °C  and  (d)  60  °C. 
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Fig.  7.  Particle-size  distribution  of  graphite  electrodes  recovered  from  both  fresh  and 
aged  cells,  resulting  from  an  analysis  of  the  scanning  electron  micrograph  displayed  in 
insets,  (a)  Fresh  cell  and  (b)  cell  stored  at  60  °C  and  SOCnom  =  100%. 
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Fig.  8.  FTIR  spectra  measured  in  reflectance  mode  of  (a)  a  fresh  and  an  aged  LFP 
electrode  and  (b)  a  fresh  and  an  aged  graphite  electrode.  Both  aged  LFP  and  graphite 
electrodes  are  recovered  from  cells  stored  SOCnom  =  100%  and  temperatures  30,  45, 
and  60  °C. 


2 

Capacity  (mAh/cm  ) 

Fig.  9.  Potential  profile  during  the  four  formation  cycles  at  25  °C  of  the  LFP  electrode 
recovered  from  a  fresh  cell.  Conditions:  CC  at  Cnom/10  and  CV  until  |/|  <  C/50.  Inset: 
charge  and  discharge  CCCV  capacities  (circles)  and  coulombic  efficiency  (triangles). 


particles  as  seen  in  Fig.  4(c)  and  (d).  At  the  storage  temperature  of 
45  °C,  i.e.,  Fig.  4(c),  the  size  of  such  particles  is  ~0.5-0.7  pm. 
These  same  particles  are  more  abundant  and  increase  in  size 
( ~  1.3  pm)  for  the  storage  temperature  of  60  °C  (Fig.  4(d)).  The  EDS 
analyses  of  these  round-shape  particles  show  that  they  are  rich  in 
fluorine  and  that  the  atomic  percentage  of  fluorine  within  these 
particles  becomes  larger  with  the  severity  of  the  storage  condition 
(Table  2).  The  fact  that  the  particles  are  smaller  at  45  °C  than  at 
60  °C  might  account  for  the  lesser  fraction  of  F,  because  the  EDS 
analysis  is  on  about  1  pm3  volume.  The  lesser  fraction  of  P,  O,  and 
Fe  in  the  analysis  on  the  60  °C  sample  supports  this  hypothesis  as 
well.  Some  other  Nb-containing  particles,  scattered  throughout 
the  electrode  surface  (EDS  spectrum  of  Fig.  4),  are  also  found.  This 
correlates  well  with  XRD  patterns  which  show  the  presence  of  the 
NbOP04  phase.  No  further  morphological  changes  were  seen  from 
SEM.  The  particle-size  distribution  (PSD),  which  is  determined 
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Fig.  10.  Potential  profile  during  the  four  formation  cycles  at  25  °C  of  the  graphite 
electrode  recovered  from  a  fresh  cell.  Conditions:  CC  at  Cnom/ 10  and  CV  until  |/|  <  C/50. 
Inset:  charge  and  discharge  capacities  (circles)  and  coulombic  efficiency  (triangles). 
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Fig.  11.  Charge/discharge  profiles  of  the  4th  formation  cycle  measured  at  Cnom/10  and 
25  °C  for  both  (a)  LFP  and  (b)  graphite  electrodes  recovered  from  fresh  and  aged  cells 
under  storage  at  SOCnom  =  100%  and  different  temperatures. 


from  the  analysis  of  the  SEM  images,  assuming  the  particles  to  be 
spherical,  show  that  the  fresh  and  stored  electrodes  are  composed 
of  grains  with  a  size  ranging  from  ~0.2  pm  to  ~2  pm.  Fig.  5 
presents  the  PSD  of  LFP  electrodes  recovered  from  both  the 
fresh  cell  and  from  the  cell  stored  at  60  °C  and  SOCn0m  =  100%.  The 
particle  size  range  is  the  same  as  mentioned  earlier,  with  a  d 50 
value  of  ~0.54  pm  for  the  fresh  LFP  electrode  and  ~0.66  pm  for 
the  aged  one.  Moreover,  the  PSD  in  Fig.  5(b)  looks  bimodal.  We  do 
not  believe  that  it  is  a  result  of  the  F-rich  particles  newly  observed, 


though,  as  the  number  of  those  latter  particles  is  negligible  with 
respect  to  the  overall  particle  number  used  in  the  PSD  analysis 
(~  300-400  particles). 

As  for  the  graphite  electrode,  the  influence  of  the  storage 
conditions  manifests  itself  by  a  change  of  the  electrode  color. 
Originally  dark  brown,  it  turns  bluish  for  the  cells  aged  at  60  °C. 
No  color  change  was  observed  for  the  cells  aged  at  45  °C  or  less. 
The  color  of  the  graphite  material  depends  on  its  lithium  content 
[21],  which  suggests  that  graphite  electrode  aged  at  60  °C  are  not 
fully  delithiated  even  though  the  cell  was  discharged  down  to  2  V. 
Fig.  6  presents  the  surface  morphology  of  graphite  electrodes 
from  disassembled  fresh  (a  and  b)  and  stored  cells  (c  and  d). 
Aging  leads  to  some  roughening  of  the  particle  facets,  especially 
for  the  graphite  electrode  stored  under  the  most  severe  condi¬ 
tions  (T  =  60  °C  and  SOCn0m  =  100%).  The  apparent  roughness  of 
the  graphite  surface  is  likely  related  to  the  SEI  film  that  becomes 
fluffy  as  it  grows.  Table  3  shows  the  result  of  EDS  analysis  of  the 
graphite  electrode.  The  atomic  percentage  of  oxygen  in  aged 
electrodes  is  relatively  larger  than  those  of  the  fresh  electrode, 
which  might  be  related  with  the  presence  of  SEI  compounds  such 
as  Li2C03  or  lithium  alkylcarbonates  at  the  particle  surface  that 
are  O-rich.  In  addition,  no  change  of  particle-size  distribution  was 
observed.  Fig.  7  presents  the  PSD  of  both  fresh  and  stored  elec¬ 
trodes.  Particle  size  ranges  from  ~7  pm  to  ~38  pm,  with  a  d 50 
value  of  ~  17  pm. 

3.3.  FTIR  results 

The  FTIR  measurements  of  both  LFP  and  graphite  electrodes  are 
presented  in  Fig.  8.  These  measurements  are  performed  on  elec¬ 
trodes  recovered  from  the  fresh  cell  and  cells  stored  at 
SOCnom  =  100%  and  temperatures  30, 45,  and  60  °C.  The  peaks  seen 
for  both  spectra  at  2364  cm-1  and  2334  cm-1  are  typical  of  C02  in 
air  and  are  not  related  to  the  electrodes.  In  Fig.  8(a),  the  spectrum  of 
the  fresh  LFP  electrode  displays  several  peaks  at  1140,  1045,  and 
950  cm-1.  Those  peaks  around  1200-1000  cm-1  can  be  attributed 
to  P-0  bond  vibrations  [22,23].  The  spectra  for  aged  electrodes 
present  some  disturbance  in  the  region  1700-1300  cm-1  corre¬ 
sponding  to  C=0  bonds  and  a  new  peak  at  around  840  cm-1.  Such  a 
peak  may  reflect  P-F  bonds  [24].  For  the  graphite  electrode,  we  can 
see  that  the  IR  spectra  are  clearly  influenced  by  the  storage  con¬ 
ditions  (Fig.  8(b)).  The  spectra  of  aged  electrodes  display  two  peaks 
at  1645  cm-1  and  1420  cm"1.  It  was  mentioned  earlier  that  the 
peaks  in  the  1700-1300  cm"1  region  reflect  C=0  bonds.  A  peak 
around  840  cm-1  (P-F  bonds)  is  also  visible.  Those  peaks  were 


Table  4 

Residual  and  intrinsic  capacities  of  the  LiFeP04  and  graphite  coin  cells. 


LiFeP04 

Graphite 

Residual  capacity 
(mAh  cur2) 

Residual 

percentage3 

Intrinsic  capacity 
(mAh  cm  2) 

Residual  capacity 
(mAh  cm  2) 

Residual 

percentage3 

Intrinsic  capacity 
(mAh  cm  2) 

Fresh 

0.075 

5.0 

1.51b/1.50c 

— 

— 

1.60b/1.60c 

T30  SOC30 

0.117 

7.8 

1.49b/1.48c 

4.25  • 

10  3 

0.26 

1.63b/1.63c 

T30  SOC65 

0.096 

6.5 

1.47b/1.46c 

3.60  • 

10  3 

0.22 

1.60b/1.61c 

T30  SOC100 

0.132 

8.7 

1.50b/1.48c 

1.40  • 

10  3 

0.09 

1.62b/1.63c 

T45  SOC30 

0.157 

10.3 

1.52b/1.51c 

2.25  • 

10  3 

0.13 

1.74b/1.75c 

T45  SOC65 

0.201 

13.7 

1.46b/1.46c 

2.69  • 

10  3 

0.17 

1.58b/1.59c 

T45  SOC100 

0.192 

12.8 

1.50b/1.49c 

2.03  • 

10  3 

0.11 

1.79b/1.80c 

T60  SOC30 

0.408 

26.4 

1.55b/1.53c 

4.16  • 

10  8 

0.25 

1.68b/1.69c 

T60  SOC65 

0.413 

28.1 

1.47b/1.45c 

5.71  ■ 

10  3 

0.35 

1.60b/1.60c 

T60  SOC100 

0.493 

32.6 

1.51b/1.49c 

3.01  • 

10  3 

0.19 

1.62b/1.63c 

a  The  residual  percentage  is  calculated  as  (residual/intrinsic)  x  100. 
b  The  intrinsic  capacity  obtained  from  the  last  two  cycles  during  charge. 
c  The  intrinsic  capacity  obtained  from  the  last  two  cycles  during  discharge. 
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barely  seen  for  the  fresh  LFP  and  graphite  electrode,  thus  suggest¬ 
ing  that  the  electrodes  develop  rich  surface  chemistry  upon 
storage. 

3.4.  Half-cell  study 

To  understand  better  the  capacity  fade  of  the  calendar-aged 
cells,  half-cell  studies  (i.e.,  Li/LFP  and  Li/graphite  cells)  were  per¬ 
formed  on  both  fresh  and  aged  electrodes.  Residual  and  intrinsic 
(reversible)  capacities  were  measured  in  both  cases.  For  the  pos¬ 
itive  LFP  electrode,  the  residual  capacity  corresponds  to  the 
amount  of  empty  sites  left  in  the  FeP04  framework  when  the  full 
cell  is  fully  discharged.  As  a  consequence,  during  storage,  the  in¬ 
crease  of  residual  capacity  with  the  capacity  fade  of  the  full  cell 
would  be  a  strong  indication  for  cyclable  lithium  loss  because  of 
side  reactions,  thus  leading  to  a  continuously  less  intercalated 
electrode  at  the  end  of  discharge.  For  the  graphite  electrode,  the 
residual  capacity  corresponds  to  the  amount  of  lithium  left  in  this 
electrode  when  the  full  cell  is  fully  discharged.  The  intrinsic  ca¬ 
pacity,  regardless  of  the  electrode  we  consider,  is  related  to  the 
amount  of  active  material  in  the  electrode.  The  loss  of  active 
material  in  an  electrode  may  result  from  different  aging  phe¬ 
nomena,  e.g.,  metal  dissolution  for  cathode  materials  and  graphite 
particle  isolation  due  to  continuous  SEI  formation  or  graphite 
exfoliation  at  the  anode. 

3.4 A.  Formation  cycles 

The  potential  profiles  of  the  four  formation  cycles  of  both  fresh 
LFP  and  graphite  electrodes  are  presented  in  Figs.  9  and  10, 
respectively.  The  inset  associated  with  each  figure  shows  a  plot  of 
charge  and  discharge  capacities  along  with  the  corresponding 
coulombic  efficiency  as  a  function  of  cycle  number.  The  formation 


Fig.  12.  Discharge  capacities  of  the  4th  formation  cycle  measured  at  Cnom/10  and  25  °C 
of  both  (a)  LFP  and  (b)  graphite  electrodes  recovered  from  fresh  cell  and  cells  aged 
under  different  storage  conditions  of  temperature  and  SOC. 


cycles  for  aged  LFP  and  graphite  electrodes  are  not  displayed.  The 
only  difference  between  the  formation  cycles  of  fresh  and  aged 
electrodes  is  the  initial  discharge  (i.e.,  lithium  intercalation)  of  the 
LFP  electrode  and  the  initial  charge  (i.e.,  lithium  deintercalation) 
of  the  graphite  electrode.  Those  are  used  to  calculate  the  residual 
capacities  as  mentioned  in  the  Experimental  section.  The  inset  of 
Fig.  9  shows  that,  for  the  positive  electrode,  the  charge  capacity  of 
first  formation  cycle  is  larger  than  that  obtained  during  discharge, 
which  suggests  the  occurrence  of  a  side  reaction  (oxidation).  The 
low  value  of  coulombic  efficiency  (~95%)  at  first  cycle  and  its 
gradual  increase  upon  further  cycling  ( ~99.5%  at  4th  cycle)  might 
be  related  to  the  formation  of  a  passive  film  at  the  surface  of  the 
electrode  particles.  For  the  negative  electrode  (inset  of  Fig.  10), 
the  opposite  is  observed;  the  discharge  capacity  of  the  first  for¬ 
mation  cycle  (i.e.,  during  Li  intercalation  in  graphite)  is  larger 
than  the  charge  capacity.  A  side  reaction  (reduction)  might  be 
related  to  reformation/modification  of  the  (already  existing)  SEI 
layer. 

3.4.2.  Calendar  data 

The  charge/discharge  potential  profiles  of  the  4th  formation 
cycle  are  presented  in  Fig.  11(a)  and  (b)  for  the  fresh  LFP  and 
graphite  electrodes  and  for  those  from  cells  aged  at  SOCn0m  =  100% 
and  at  temperatures  30,  45,  or  60  °C.  Table  4  presents  the  residual 
and  intrinsic  capacities  for  all  aged  LFP  electrodes.  The  various 
storage  conditions  do  not  lead  to  significant  changes  in  the  capacity 
values.  The  maximum  capacity  (1.55  mAh  cm"2)  is  measured  dur¬ 
ing  charge  for  an  LFP  electrode  from  a  cell  stored  at  60  °C  and 
SOCnom  =  30%.  The  capacity  is  2.5%  larger  than  that  of  the  fresh  cell, 


Fig.  13.  Galvanostatic  charge/discharge  potential  profiles  measured  at  various  C-rates 
and  25  °C  for  both  (a,  b)  LFP  and  (c,  d)  graphite  electrodes  recovered  from  a  fresh  cell. 
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which  probably  results  from  cell-to-cell  variations.  Such  an  absence 
of  capacity  fade  of  LFP  electrodes  during  storage  (Fig.  12(a))  sug¬ 
gests  that  the  electrode  material  does  not  undergo  any  structural 
degradation  that  causes  capacity  fade.  Moreover,  Table  4  shows  that 
the  maximum  lithium  content  derived  from  the  residual  capacity  (y 
in  LiyFeP04)  gets  lower  with  the  severity  of  storage  conditions.  The 
initial  composition  of  the  cathode,  Lio.95FeP04  (fresh  cell),  becomes 
Lio.67FeP04  (cell  aged  at  60  °C  and  SOCn0m  =  100%).  The  LFP  elec¬ 
trode  becomes  less  intercalated  at  the  end  of  discharge  due  to  a  loss 
of  cyclable  lithium. 

Now  moving  to  graphite,  Fig.  11(b)  shows  that  there  is  a  12% 
difference  between  the  capacity  of  the  fresh  electrode  and  that 
from  the  cell  aged  at  45  °C  and  SOCn0m  =  100%,  which  probably 
results  from  some  cell-to-cell  variations  due  to  the  manufacturing 
process.  Overall,  the  absence  of  intrinsic  capacity  fade  (Fig.  12(b)) 
suggests  that  there  is  no  degradation  of  the  active  material  during 
storage.  Table  4  also  shows  that  the  residual  capacity  of  the 
graphite  electrodes  is  negligible,  which  indicates  that  graphite 
electrodes  are  almost  fully  deintercalated  during  the  discharge 
process  applied  to  the  full  cells  prior  to  being  dismantled.  The 
maximum  stoichiometry  of  the  graphite  anode  is  found  for  the 
cell  aged  at  60  °C  and  SOCn0m  =  65%  and  corresponds  to  Lio.oo35C6. 
This  result  is  at  odds  with  the  bluish  color  of  some  graphite 
electrodes  aged  at  60  °C  that  would  suggest  the  presence  of  re¬ 
sidual  lithium;  we  do  not  have  any  explanation  for  this  apparent 
inconsistency. 


3.4.3.  Rate -cap ability  tests 

An  example  of  charge/discharge  potential  profiles  at  various  C- 
rates  ranging  from  Cnom/W  to  5Cn0m  for  both  LFP  and  graphite 
electrodes  recovered  from  a  fresh  cell  is  presented  in  Fig.  13(a,b) 
and  (c,d),  respectively.  The  corresponding  rate-capability  curves  of 
fresh  and  aged  LFP  half-cells  are  provided  in  Fig.  14  and  those  of 
fresh  and  aged  graphite  half-cells  are  presented  in  Fig.  15.  The  LFP 
rate-capability  curves  show  that  the  capacity  decreases  as  the  C- 
rate  increases  during  both  charge  (Fig.  14(a-c))  and  discharge 
(Fig.  14(d-f)).  The  curves  also  show  that  the  delithiation  process 
(charge)  is  more  efficient  than  the  lithiation  one  (discharge)  for  all 
the  half-cells  at  high  current  density  [25].  Aged  LFP  electrodes 
exhibit  virtually  no  change  in  rate  capability  on  both  charge  and 
discharge,  which  suggests  negligible  or  minor  increase  of  electrode 
resistance  upon  storage.  This  is  also  confirmed  from  EIS  measure¬ 
ments  presented  in  the  next  subsection.  Fig.  15  shows  that  the 
graphite  electrode  performs  much  better  during  delithiation 
(Fig.  15(a-c))  than  during  lithiation  (Fig.  15(d-f)).  This  is  because 
the  zero  volt  (0  V  vs.  Li)  cutoff  potential  is  very  close  to  the  potential 
range  within  which  the  graphite  operates,  on  the  contrary  with  the 
high  cutoff  value  (1.5  V  vs.  Li).  The  rate-capability  curves  are  pretty 
flat  during  charge  except  for  the  highest  5  C-rate,  which  seems  to 
have  a  slight  storage  temperature  and  SOC  dependence.  During 
discharge,  much  significant  changes  appear  around  the  1  C-rate 
region.  These  are  clear  for  the  curves  obtained  from  the  cells  aged  at 
45  °C  and  SOCn0m  =  100%  and  at  60  °C  and  SOCn0m  =  30,  65,  and 


Fig.  14.  Rate-capability  plots  of  LFP  recovered  from  both  fresh  and  aged  cells  under  different  storage  conditions  of  temperature  and  nominal  SOCs,  measured  at  25  °C.  (a-c)  Rate 
capability  on  charge;  (d-f)  Rate  capability  on  discharge. 
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Fig.  15.  Rate-capability  plots  of  graphite  recovered  from  both  fresh  and  aged  cells  under  different  storage  conditions  of  temperature  and  nominal  SOCs,  measured  at  25  °C.  (a-c) 
Rate  capability  on  charge;  (d-f)  Rate  capability  on  discharge. 


100%.  Such  a  change  in  the  slope  of  rate-capability  curves  suggests  a 
more  significant  change  of  the  graphite  impedance  compared  to 
that  of  LFP. 

3.4.4.  Impedance  test 

Fig.  16  represents  the  Nyquist  diagrams  obtained  for  both 
graphite  and  LFP  electrodes  before  and  after  storage  at  various 
temperatures  and  nominal  SOCs.  Fig.  16(a-d)  shows  that  the 
impedance  of  the  negative  electrode  increases  with  the  storage 
temperature  and  that  the  effect  of  storage  SOC  is  much  less  than 
that  of  the  storage  temperature.  It  is  clearly  seen  that  the  highest 
impedance  increase  is  for  the  electrodes  stored  at  60  °C.  However, 
we  observe  a  counterintuitive  effect  of  the  SOC  at  this  temperature, 
i.e.,  the  semi-circle  part  of  the  impedance  related  to  interfacial 
phenomena  is  less  at  higher  storage  SOC.  The  evolution  of  the 
interfacial  resistance  values  might  be  attributed  to  the  reformation/ 
modification  of  the  SEI  layer  at  the  surface  of  the  graphite  particles, 
as  evidenced  from  the  SEM  images  (Fig.  6).  Impedance  measure¬ 
ments  performed  on  the  positive  electrode  are  presented  in 
Fig.  16(e-h).  The  semi-circle  resistance  becomes  slightly  larger 
upon  storage.  This  minor  evolution  of  the  interfacial  resistance  is 
attributed  to  the  small  contribution  of  the  resistive  film  formed  at 


the  surface  of  electrode  material.  A  direct  evidence  of  formation  of 
such  a  resistive  surface  film  is  the  presence  of  the  additional  semi¬ 
circle  in  some  spectra  of  aged  LFP  electrodes,  in  particular  in  those 
of  electrodes  aged  at  60  °C. 

3.4.5.  Stoichiometry  window  for  LFP  and  graphite 

Based  on  the  above  analysis  of  both  LFP  and  graphite  electrodes 
upon  aging,  it  is  interesting  to  understand  whether  one  can  pre¬ 
dict  the  performance  fade  of  the  full  cell  based  on  changes  of  each 
electrode.  To  this  end,  the  initial  stoichiometries,  the  total  super¬ 
ficial  area,  and  the  specific  capacities  of  the  two  electrodes  are 
required.  First,  the  analysis  of  the  recovered  LFP  electrodes  by  XRD 
and  the  analysis  of  residual  discharge  capacity  of  these  same 
electrodes  in  coin  cells  showed  a  significant  decrease  in  lithium 
stoichiometry  of  the  LFP  electrode  due  to  aging  (Fig.  17).  An  esti¬ 
mate  of  the  stoichiometry  of  each  LFP  electrode  was  provided.  The 
results  of  both  methods  (i.e.,  XRD  or  residual  capacity)  are  fairly 
comparable.  Such  a  result  suggests  that  the  loss  of  cyclable  lithium 
is  the  main  source  of  aging  (coin-cell  analyses  on  both  LFP  and 
graphite  electrodes  suggested  no  loss  of  active  material  due  to 
electrode  degradation).  Secondly,  the  LFP  and  graphite  electrode 
surface  areas  were  measured  after  the  cells  were  dismantled  and 
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Fig.  16.  Nyquist  plots  of  the  graphite  (a-d)  and  LFP  (e-h)  electrodes  recovered  from  both  fresh  and  aged  cells  under  different  storage  conditions  of  temperature  and  nominal  SOC. 


are  0.72  ±  0.01  m2  and  0.76  ±  0.01  m2,  respectively.  The  area  of 
graphite  electrode  is  ~4.6%  greater  than  that  of  the  LFP  electrode. 
This  is  consistent  with  other  LiB  cell  designs  reported  in  the 
literature  and  is  useful  to  prevent  lithium  plating  at  the  edges  of 
the  graphite  electrode  during  charge  [26,27].  Thirdly,  the  specific 
capacity  of  each  electrode  is  directly  measured  with  the  coin  cells. 
Then,  a  representation  of  battery  internal  balancing  is  constructed 
and  presented  in  Fig.  18  [28,29].  Here,  only  the  loss  of  cyclable 
lithium  is  considered,  but  the  loss  of  active  materials  and  increase 
in  electrode  polarization  can  be  included  if  they  are  evidenced 
from  coin-cell  measurements.  The  stoichiometries  of  LFP  elec¬ 
trodes  in  the  discharged  state  allow  for  setting  the  relative  posi¬ 
tion  of  the  potential  curves  of  each  electrode.  By  positioning 
graphically  the  minimum  (2  V)  and  maximum  (3.65  V)  cutoff 


potentials,  the  full-cell  capacity  (Qest)  and  the  stoichiometry  of 
graphite  at  the  end  of  charge  (xmax)  are  determined.  Qest  is 
generally  higher  than  that  obtained  from  PITT  measurement  on 
full  cells  (Qexp)  [17].  The  difference  may  come  from  several  errors 
in  the  parameter  estimates  (ymax,  Q_,  Q+,  etc)  or  from  possible 
composition  nonuniformities  within  the  battery.  In  Fig.  18,  we 
have  used  QeXp  instead  of  Qest  in  order  to  represent  the  battery 
internal  balancing.  This  will  provide  access  to  new  relative  posi¬ 
tions  of  the  curves  of  each  electrode  and  thus  to  new  values  of 
ymax  (green  columns  in  Fig.  17).  These  ymax  values  are  generally 
lower  that  those  obtained  from  XRD  or  coin-cell  measurements. 
Although  the  ymax  values  from  the  different  methods  differ  from 
each  other,  they  follow  a  similar  variation  as  a  function  of  storage 
conditions. 
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Fig.  17.  Li  stoichiometry  obtained  from  (i)  LFP/FP  phase  ratio  from  XRD  patterns  (blue  columns),  (ii)  residual  capacity  of  the  Li/LFP  coin  cells  assembled  from  the  recovered  positive 
electrodes  (violet  columns),  and  (iii)  reconstructed  cells  (green  columns).  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  this  article.) 
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Fig.  18.  Operating  stoichiometry  window  of  the  graphite/LFP  cell,  (a)  Fresh  cell,  (b)  cell  aged  at  30  °C  and  SOCnom  =  100%,  (c)  cell  aged  at  45  °C  and  SOCnom  =  100%,  and  (d)  cell  aged 
at  60  °C  and  SOCnom  =  100%. 


4.  Conclusion 

This  study  presents  the  postmortem  analysis  of  commercial 
graphite/LiFeP04  cells  aged  under  storage  in  different  conditions  of 
temperature  (30  °C,  45  °C,  and  60  °C)  and  nominal  state  of  charge 
(30%,  65%,  and  100%).  The  cells  were  disassembled  under  inert  at¬ 
mosphere  in  their  discharged  state,  and  XRD,  SEM,  FTIR,  and  half¬ 
cell  studies  were  carried  out.  XRD  results  indicate  no  structural 
change  of  both  LFP  and  graphite  materials  upon  storage.  An  analysis 
of  the  XRD  patterns  of  the  positive  electrodes  also  shows  that  the 
overall  lithium  stoichiometry  of  the  LFP  electrode  ( y  in  LiyFePC^) 
decreases  with  the  severity  of  storage  condition  (the  storage 


condition  with  the  highest  temperature  and  SOC  is  the  most  se¬ 
vere).  SEM  shows  that,  for  the  LFP  electrode,  aging  leads  to  the 
appearance  of  F-rich  round-shape  particles  at  storage  temperatures 
of  45  and  60  °C,  the  size  of  which  is  related  to  the  storage  tem¬ 
perature.  For  the  graphite  electrode,  aging  leads  to  the  appearance 
of  a  thick  and  fluffy  SEI  at  the  graphite  particle  surface,  especially 
for  the  electrode  stored  under  the  most  severe  conditions  (e.g., 
T  =  60  °C  and  SOCn0m  =  100%).  It  is  also  reflected  in  the  O  content 
from  EDS  analysis  that  increases  with  the  severity  of  the  aging 
conditions.  FTIR  results  imply  that  both  electrodes  develop  rich 
surface  chemistry  upon  storage.  Intrinsic  capacity  tests  of  both  LFP 
and  graphite  electrodes  rule  out  the  structural  degradation  of  the 
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electrode  material  as  a  cause  of  capacity  fade.  Residual  capacities  of 
LFP  electrodes  show  that  the  maximum  lithium  content  (ymax)  gets 
lower  with  the  severity  of  storage  conditions.  On  the  other  hand, 
the  negligible  residual  capacity  of  the  graphite  electrodes  indicates 
that  they  are  almost  fully  deintercalated  during  the  discharge 
process  applied  to  the  full  cells  prior  to  being  dismantled.  Rate- 
capability  tests  suggest  a  negligible  or  minor  increase  of  LFP  elec¬ 
trode  resistance  upon  storage  and  a  more  significant  change  of  the 
graphite  impedance.  EIS  analysis  confirms  this  suggestion  and  the 
change  of  the  graphite  impedance  is  more  significant  compared 
with  that  of  LFP. 

Overall,  the  results  show  that  (i)  the  loss  of  cyclable  lithium  is 
the  main  source  of  aging  (XRD  and  residual  capacity  measurements 
show  that  the  maximum  lithium  stoichiometry  (ymax)  of  the  LFP 
electrode  recovered  from  the  full  cell  at  a  fully  discharged  state, 
comparable  for  both  techniques,  gets  lower  with  the  severity  of 
storage  conditions),  and  (ii)  there  is  no  loss  of  active  material  (ca¬ 
pacity  measurements  on  separate  electrodes  show  that  there  is  no 
fade  upon  storage). 
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